T HE DEMAND FOR anesthetic support for interventional cardiology procedures is increasing as the number and complexity of these procedures rapidly expand. Providing safe anesthesia care to patients undergoing these procedures requires comprehensive preoperative assessment, involvement in the multidisciplinary planning of these cases, and a detailed understanding of the procedures and their potential complications. This article reviews the common implantation and electrophysiology (EP) procedures undertaken in cardiac catheterization laboratories. An outline of the procedures undertaken and their major periprocedural complications are addressed along with recommendations for their anesthetic management. The first section covers closure of intracardiac shunts, closure of patent ductus arteriosus (PDA), left atrial appendage (LAA) occlusion devices, transcatheter valves, and the implantation and removal of pacemaker and rhythm management devices. The second section covers EP procedures and anesthetic management issues in patients with congenital heart disease (CHD). It also covers the anesthetic implications of ionizing radiation and practice in a remote location.
CARDIAC CATHETERIZATION LABORATORY PROCEDURES
Endovascular devices are available for the closure of patent foramen ovale (PFO), atrial septal defects (ASDs), ventricular septal defects (VSDs), PDAs, and for occlusion of the LAA.
Intracardiac Shunt Closures

PFO Closure
PFOs are present in approximately 25% of the adult population. 1 The most common indication for PFO closure is the prevention of paradoxic embolic or "cryptogenic" stroke. From observational studies, the incidence of cryptogenic stroke is increased in patients with either PFO or atrial septal aneurysm and further increased when both are present. 2 However, the evidence that PFO closure decreases the risk of stroke remains inconclusive. A prospective, nonrandomized study from Switzerland of 308 patients with cryptogenic stroke showed a lower risk of recurrent stroke or transient ischemic attack in patients who underwent percutaneous PFO closure compared with medical therapy alone (7.3% v 33.2%, p ϭ 0.01). 3 However, populationbased studies suggest that the presence of a PFO does not increase the risk of stroke. 4 Two ongoing randomized studies comparing PFO closure with medical treatment should help define the indications for PFO closure in the near future (available at http:// www.clinicaltrials.gov, NCT00201461 and NCT00562289).
PFO closure also has been performed for the treatment of migraines. Although several nonrandomized trials have identified an association between PFO closure and migraine resolution, 5 a recent prospective trial found no difference in migraine rates at 6 months. 6 Further prospective studies of PFO closure for this indication are in progress.
ASD Closure
ASDs are present in about 1 in 1,500 children at birth 7 and account for 30% to 40% of CHD in adults. ASD closure usually is performed for the prevention of stroke or right ventricular volume overload and pulmonary hypertension. Current American Heart Association guidelines recommend closure of ASDs for right atrial or right ventricular enlargement (with or without symptoms), paradoxic embolism, documented orthodeoxiaplatypnea (a rare condition in which dyspnea and deoxygenation are induced by standing), and pulmonary hypertension. 8 ASD closure results in symptomatic improvement and reductions in right ventricular size and pulmonary arterial pressures at any age, but outcomes are better in patients who have normal pulmonary arterial pressures and no functional impairment before closure. 9 A multicenter nonrandomized trial showed similar efficacy rates for percutaneous secundum ASD closure and surgery in children and adults (98.5% v 100%, p ϭ 0.331). 10 The closure device was associated with fewer total complications than surgery (7.2% v 24%, p Ͻ 0.001). Major complications occurred in 1.6% of the device cases, including arrhythmias and device embolism requiring surgical removal. In contrast, 5.4% of patients treated surgically experienced major complications such as pericardial effusion with tamponade, wound complications, and repeat surgery. The most common minor complication in the device group was arrhythmias and in the surgical group pericardial effusion without tamponade. The authors of this study emphasize that although efficacy may be similar between surgery and device closure, patient selection is important because anatomic features, such as lim-ited ASD rims, large or irregular ASD size, and anomalous pulmonary venous drainage, limit the effectiveness of closure devices.
Transesophageal echocardiography (TEE) is a crucial part of the preprocedural assessment. A recent study suggested that 3-dimensional (3D) TEE may be more accurate for sizing the percutaneous closure device and reduce the risk of residual shunt after closure when compared with conventional 2-dimensional (2D) TEE. 11
PFO/ASD Closure Technique
The closure of both PFOs and ASDs involves the placement of a catheter-deployed closure device that usually is advanced from the femoral vein into the right atrium and across the septal defect (Fig 1) . Procedural times generally are shorter for PFO closures than for ASD closures (30 minutes 12 v 2.5 hours, 13 respectively). Fluoroscopy and TEE or intracardiac echocardiography (ICE) are used to guide the positioning and deployment of the device and to confirm the adequacy of closure. ICE allows these procedures to be performed without general anesthesia or sedation and reduces fluoroscopy and procedural time compared with TEE-guided PFO closure. 14 In a series of 53 patients, the mean duration of ICE-guided PFO closure was 31 minutes, with a complete closure rate of 94%. 12 However, probe cost often limits their use to patients with contraindications to TEE or patients at high risk for general anesthesia.
For patients who require TEE-guided ASD or PFO closure, general anesthesia with an endotracheal tube is routine. Meticulous de-airing of all fluid lines should be undertaken to reduce the potential for right-to-left air embolization during device placement.
Heparin should be administered for these procedures to minimize the risk of thrombus formation. The heparin doses reported for these procedures have varied between 7,500 and 10,000 IU 15 and 10,000 to 20,000 IU. 16 In the Closure I trial, heparin was given to maintain an activated coagulation time (ACT) Ͼ200 seconds. 17 Outside of the percutaneous coronary intervention (PCI) literature, there are no published guidelines regarding heparin administration for cardiac interventional procedures. 18 The authors' institutional practice is to administer heparin boluses to maintain a celite ACT Ͼ300 seconds (Hemochron; ITC Nexus Dx, Edison, NJ). Protamine reversal of heparin has been associated with a high rate of thrombus formation in patients undergoing ASD and PFO closure, 16 and therefore should be avoided if possible. Analgesic requirements should be minimal following these procedures. Sternal pain should alert the anesthesiologist to the possibility of myocardial perforation, which complicates 0.1% of ASD closures. 19 Most perforations occur within 72 hours, but about a third of cases are delayed for up to 3 years. Acute or delayed aortic root perforation also can occur if the closure device abuts the aortic root; this may present as aortoatrial fistula or cardiac tamponade. 20 Other potential complications include acute or delayed device embolization and stroke although these are extremely rare. Atrial thrombus, predominantly left-sided and attached to the implanted device, is a more common complication that affects 2% of patients and usually resolves with oral or intravenous anticoagulation. 16 Measures to prevent atrial thrombus include new closure device designs with reduced prosthetic material exposed in the left atrium (LA) and alternative PFO closure techniques, such as radiofrequency (RF) ablation. 21 Despite the recognized risk of atrial thrombus, there are no universally accepted guidelines for antiplatelet therapy after PFO or ASD device deployment. Single antiplatelet therapy for 6 months has been reported (aspirin, 100 mg daily 4 ), whereas others used dual therapy with aspirin and clopidogrel for 6 months followed by single antiplatelet therapy. 17 
VSD Closure
Most VSD repairs are performed in childhood. Adults who present for VSD closure usually have small congenital defects or acute defects after myocardial infarction. The latter patients may be hemodynamically unstable because of intracardiac shunting or arrhythmias. Percutaneous closure in selected cases may provide better outcomes than open surgical repair, which has a mortality rate of about 50%. 22 In a series of 10 adult patients with acute VSDs up to18 mm in size (5 postmyocardial infarction and 5 secondary to surgical trauma), percutaneous closure was successful in all patients, and 9 patients survived to 6 months. 22 In addition to these considerations in percutaneous ASD and PFO closure cases, invasive monitoring and inotropic support with the placement of external defibrillator pads is recommended in these patients. In a single-center series of 28 patients undergoing percutaneous VSD closure (17 congenital, 10 postoperative, and 1 traumatic, up to 16 mm in diameter), TEE was used in conjunction with fluoroscopic guidance in 22 cases, ICE in 5 cases, and both in 2 cases. 23 General anesthesia was used in 25 patients, and procedural times ranged from 46 to 300 minutes. Closure was successful in all patients. 
PDA Closure
PDA closure was the first transcatheter closure procedure performed and was conducted in Germany in 1967. 24 Although most PDAs are identified and treated in infancy, a small group of patients may present as adults with heart failure or pulmonary hypertension. There is substantial variability in the size and shape of PDAs, and there are a variety of closure devices available. Coils can be used to occlude small PDAs, but selfexpanding occluders (such as the AMPLATZER Duct Occluder [St Jude Medical, Plymouth, MN] in Fig 2) are used for larger ducts. 25 Successful closure of PDAs Ͼ10 mm in diameter has been reported in adults. 26 PDA closure was successful in 99% of patients in a series of 359 pediatric and adult cases. 27 In this study, the Amplatzer Duct Occluder and Gianturco coils (Cook, Inc, Bloomington, IN) were the most commonly used occlusion devices, with overall success rates of 96.9% and 89.7%, respectively. Major complications (predominantly device embolization) occurred in 0.6% of coil closures and 1.7% of Amplatzer cases.
These procedures require retrograde placement of a fine guidewire into the PDA from the femoral or upper-limb artery under fluoroscopic guidance. Sedation or general anesthesia may be required because the procedures can be of unpredictable duration and because patients must be immobile to allow accurate catheter deployment across the orifice of the PDA. In patients with secondary pulmonary hypertension and rightheart failure, general anesthesia may be preferable if supine positioning is poorly tolerated. Increases in pulmonary vascular resistance (PVR) caused by hypoxia, hypercarbia, or high ventilating pressures must be avoided because this will exacerbate right-heart failure. Systemic heparinization should be used throughout the procedure to prevent arterial thrombotic embolization. Although there are no specific guidelines for heparin dosage, 75 IU/kg has been reported. 25 Although fluoroscopy/ angiography is the main imaging modality in PDA closure, descending aortic ICE has been used and potentially can reduce fluoroscopy time. 28 
LAA Occlusion
The LAA is prone to in situ thrombus formation because of its long, narrow lumen and trabeculations. It is thought to be the source of most atrial thrombi in patients with nonvalvular atrial fibrillation (AF). 29 Atrial appendage occlusion devices, such as the WATCHMAN LAA Closure Device (Atritech, Minneapolis, MN) (Fig 3) , are similar to PFO/ASD closure devices and are placed in the orifice of the LAA. In a randomized trial of 707 patients with AF, closure of the LAA was shown to be as effective in stroke prevention as warfarin therapy alone. 30 However, the Watchman device group was associated with a higher rate of adverse events, particularly bleeding complications. The Amplatzer device also is effective for LAA closure (96%), with a similar reported rate of serious complications to the Watchman closure device (7%, including pericardial effusions in 3.5%). 31 The anesthetic plan for these cases in the authors' institution includes invasive monitoring and preparation for the management of pericardial tamponade and major bleeding.
Transcatheter Aortic Valve Implantation
Aortic stenosis is the most common valvular heart disease in adults, 32 and replacement of the aortic valve is the only treatment that reduces mortality in these patients. Aortic Valve Implantation System (Medtronic, Inc, Minneapolis, MN) (Fig 4B) . There are 2 approaches to deploying the valve: the retrograde approach via the femoral artery or an antegrade transapical approach via a left minithoracotomy and left ventricular puncture. 34 The first prospective, randomized trial comparing TAVI versus nonsurgical medical care recently has been published. 35 Study patients had severe aortic stenosis and a greater than 50% risk of surgical mortality or a serious irreversible condition. Compared with the medical care group, the TAVI group had significantly lower all-cause mortality (30.7% v 50.7%, p Ͻ 0.001) and cardiac symptoms (New York Heart Association [NYHA] class III or IV) (25.2% v 58%, p Ͻ 0.001) at 1 year. However, there were more major vascular complications (16.2% v 1.1%, p Ͻ 0.001) and a trend toward more strokes (5% v 1%, p ϭ 0.06) in the TAVI group. In the parallel Placement of Aortic Transcatheter Valves (PARTNER) study comparing TAVI with open surgical valve replacement in 699 high-risk patients, all-cause mortality at 1 year was similar in both groups (24.2% v 26.8%, p ϭ 0.44). 36 Both groups showed an improvement in cardiac symptoms at 1 year. In the TAVI group, the incidence of stroke and transient ischemic attack (TIA) at 1 year was higher (8.3% v 4.3%, p Ͻ 0.05) as was the rate of major vascular complications (11.3% v 3.5%, p Ͻ 0.001), but the rate of major bleeding was lower than in the surgical group (14.7% v 25.7%, p Ͻ 0.001).
Given the positive findings, interest in the use of TAVI as an alternative to surgery or medical therapy certainly will increase. Further developments are underway in valve design, delivery systems, and implantation techniques (eg, via the subclavian artery 37 ). The long-term durability of these valves is unknown.
ANESTHETIC AND PROCEDURAL MANAGEMENT OF TAVIS
At the authors' institution, anesthetic management of TAVIs was developed with reference to descriptions provided by Fassl and Augoustides, 38, 39 Walther, 34 and Billings. 40 During preoperative planning, there should be agreement among the attending physicians as to whether rescue open aortic valve replacement would be performed if required. Therefore, these cases ideally should be performed in a hybrid operating room. Because major hemorrhage can occur at any time in these cases, large-bore venous access is required, and cross-matched blood should be readily available. Invasive arterial and central venous pressure monitoring are routine.
Transapical TAVIs are performed if femoral access is unsuitable; a single-lumen endotracheal tube usually is sufficient for surgical access to the left ventricular apex. Although transfemoral cases can be performed under sedation, general anesthesia usually is performed because of the risks of major vascular injury, hemodynamic instability, and stroke. In addition, general anesthesisa facilitates the use of TEE throughout the procedure. TEE is useful to confirm the preoperative assessment of the native aortic valve; to guide placement of the TAVI; and to identify procedural complications, such as paravalvular leak, mitral valve damage, and pericardial tamponade.
After induction, the proceduralist first places a right ventricular pacing lead via the femoral vein. Balloon aortic valvuloplasty then is performed. This may require several attempts and is performed with rapid ventricular pacing to prevent balloon migration. It is important to maintain systemic vascular resistance and adequate coronary blood flow during this period. A mean arterial pressure Ͼ75 mmHg has been recommended before the commencement of rapid pacing. 41 Rapid ventricular pacing may cause acute myocardial ischemia or ventricular fibrillation; hence, external defibrillators and preparation for immediate resuscitation are required in all patients. After aortic valvuloplasty, the TAVI is advanced into position through the aortic valve. For the Edwards TAVI device, rapid ventricular pacing is performed as the expandable valve is deployed by balloon inflation. Rapid pacing is not required for deployment of the Corevalve device because it is self-expanding. The valve then is assessed for position, function, and paravalvular leak. Major complications that may occur at this time include myocardial ischemia caused by coronary artery occlusion, device embolization, and atrioventricular (AV) conduction defects.
Most patients can be extubated at the end of the procedure. Postoperatively, they should be monitored for delayed complications, such as bleeding or arterial dissection after the removal of the femoral arterial catheters. Delayed AV conduction defects can occur; hence, the temporary pacing wire should remain in situ at the end of the procedure.
TRANSCATHETER PULMONARY, TRICUSPID, AND MITRAL VALVE REPLACEMENTS
Transcatheter pulmonary valve replacement was first performed in 2000 for valve dysfunction in a right ventricle-topulmonary artery prosthetic conduit 42 and subsequently has been performed for other indications, such as right ventricular outflow tract conduit failure [43] [44] [45] and pulmonary atresia. 46 In patients with pulmonary valve conduit failure, the Melody Transcatheter Pulmonic Valve (Medtronic Inc) (Fig 5) effectively reduces outflow tract obstruction and restores valve function in 93% of cases. 47 This valve is now approved for this indication in the United States under the Humanitarian Device Exemption.
The main acute complication of this procedure is right ventricular outflow tract rupture. Therefore, invasive blood pressure monitoring, preparation for rapid transfusion, and conversion to open surgery is indicated in these cases. Preoperative 3D imaging of the reimplanted coronary arteries in patients with prior Ross procedures also is important because there is a theoretic risk of coronary artery compression during valve deployment. 44 Other complications include brachial plexus or upper-limb nerve injury caused by prolonged arm abduction during fluoroscopic imaging and delayed valve fracture.
Transcatheter valve replacement of the tricuspid valve only has been performed in a few complex cases. In one patient who had severe prosthetic tricuspid regurgitation after 2 previous sternotomies, the valve was deployed via thoracotomy and right atrial puncture. 48 These valves also have been deployed via the inferior vena cava. 49 There are several transcatheter mitral valve repair procedures in various stages of development. 50 For mitral regurgitation (MR), a catheter-mounted clip device can tether the midportion of the free edge of the mitral leaflets, creating a double-orifice valve similar to the surgical Alfieri technique (MitraClip; Abbott Vascular, Abbott Park, IL Santa Clara, CA) (Fig 6) . 51 The MitraClip is deployed with transesophageal echocardiographic guidance via the femoral vein and interatrial septum. The MitraClip technique has been compared with surgery in a multicenter randomized trial of patients with moderate or severe MR (EVEREST II). 52 Preliminary results showed that the MitraClip group had worse outcomes than the surgical group, with lower clinical success rates (72.4% v 87.8%, p Ͻ 0.01) and a lower composite endpoint (eg, survival, freedom from mitral surgery, or more-than-mild MR at 1 year). 53 These disappointing results will generate interest in alternative mitral valve techniques, such as stented mitral valves for minimally invasive implantation. 54 Athough there are no trials comparing the MitraClip system with medical management of heart failure associated with severe MR, a retrospective series reported procedural success rates of 94%, 6-month survival rates of 81%, and a reduction in MR from grade 3ϩ to Յ2ϩ in all patients. 55 The MitraClip procedure poses fewer perioperative risks than TAVI procedures because it is a venous access procedure and cardiac standstill is not required for device deployment. However, invasive monitoring is prudent because hemodynamic instability still can occur in high-risk patients (eg, because of arrhythmia or pericardial tamponade).
Collectively, transcatheter cardiac valve procedures will almost certainly increase as the technology develops and the indications for their use become more clearly defined. These procedures ideally should be managed by a multidisciplinary team and performed in a hybrid operating room. Coarctation of the aorta represents approximately 5% to 10% of CHD cases and is associated with poor long-term survival if untreated. In a prospective, multicenter CHD intervention registry of 351 stent procedures performed in 302 patients (55% primary and 45% recurrent coarctations), the short-term procedural success rate was 96%, declining to 77% at 18 months. 56 Acute complications included stent malposition and unplanned repeat interventions in 4% of cases. Hypertension persisted in almost 25% of patients. Rapid ventricular pacing was used in 22% of cases to prevent stent movement during deployment, and intravenous adenosine also was used for this indication. General anesthesia was used in most cases, with invasive blood pressure monitoring in the right arm. Because of the potential for aortic dissection or rupture, rapid transfusion facilities and cardiac surgical backup should be available immediately. In one patient, carotid artery dissection caused by guidewire trauma presented as Horner syndrome after the procedure. 57 Delayed arterial complications such as stent migration and pseudoaneurysm also have been reported. 58 In addition to pulmonary valve replacement (see earlier), stenting of the right ventricular-to-pulmonary artery conduit may be used to prolong conduit lifespan. 59 Endovascular stents also have been used in cases of pulmonary arterial compression caused by tumor 60 or after lung transplantation. Coronary arterial compression has been reported during stenting of a right pulmonary arterial conduit. 61 In a patient with 1 lung, extracorporeal circulatory support was used during pulmonary artery stenting. 62 
THE USE OF ASSIST DEVICES FOR PCI
Anesthesia support for PCI may be required emergently (eg, because of hemodynamic instability caused by acute ischemia) or electively in patients with major comorbidities or poor cardiac functional reserve or for high-risk procedures. Stenting of the left main coronary artery is a particularly high-risk PCI. This can produce periods of severe myocardial ischemia and left ventricular dysfunction. Patients can be hemodynamically supported during these procedures by the use of left ventricular assist devices, such as the Impella device (Abiomed Inc, Danvers, MA), the Tandem Heart (CardiacAssist, Inc, Pittsburgh, PA) or venoarterial extracorporeal membrane oxygenation.
The Impella device is a catheter-mounted pump that is deployed retrogradely into the left ventricle (LV) via the femoral artery. Blood is aspirated from the LV via an Impeller rotor within the catheter and ejected into the ascending aorta at up to 2.5 L/min (percutaneous version) or 5 L/min (open insertion version). The Tandem Heart device is a catheter-mounted centrifugal pump. The inflow is positioned in the LA via the interatrial septum, with outflow to the femoral artery. In a recent single-center comparison, the Impella and Tandem Heart left ventricular assist devices were associated with similar outcomes and rates of major vascular complications (7%). 63 Venoarterial extracorporeal membrane oxygenation also has been used successfully to support patients undergoing high-risk PCI procedures. 64 The anesthetic considerations for PCI procedures are outlined in the section on remote locations.
PACEMAKERS, IMPLANTABLE CARDIAC DEFIBRILLATORS, AND BIVENTRICULAR PACEMAKERS
Electrical device implantation commonly is performed under local anesthesia in cardiac catheterization laboratories. Anesthetic support for these cases may be required for more complex cases because of patient comorbidities or procedural difficulties. 65 
ICD Implantation
The indications for ICDs are broad and include patients at risk of sudden cardiac death because of ischemic or nonischemic dilated cardiomyopathy, inherited arrhythmia syndromes, hypertrophic cardiomyopathy, long QT syndrome, and syncope with inducible sustained ventricular tachycardia. 66 The technique for ICD insertion is the same as for pacemakers, but the leads and pulse generators are larger.
The decision to perform these cases under general anesthesia or sedation will depend on patient comorbidities and the expected duration of the procedure. Invasive arterial pressure monitoring is routine in patients with poor ventricular function for hemodynamic monitoring during defibrillation. External defibrillator pads must be placed before ICD testing in the event of device failure. TEE sometimes is used to exclude intracardiac thrombus before testing. Diligent attention to infection prophylaxis is important because infected devices usually require removal and replacement.
Biventricular Pacemaker Implantation
There is increasing evidence that cardiac resynchronization therapy (CRT) improves heart failure symptoms and reduces mortality in patients with broad QRS complexes, impaired ejection fractions, and class III or IV NYHA heart failure symptoms. 66 Patients with NYHA class I and II symptoms also may benefit. 67 CRT involves the placement of biventricular pacemaker leads that are adjusted to optimize intraventricular conduction. Most CRT devices also function as ICDs. CRT device insertion usually is performed under general anesthesia, with invasive arterial pressure monitoring. The leads may be placed de novo or as an upgrade to a previously implanted right ventricular pacemaker. The LV pacing lead can be attached to the epicardium during cardiac surgery or percutaneously via the coronary sinus to pace the lateral wall of the LV. Coronary sinus lead placement can be technically challenging and prolonged and can be complicated by cardiac perforation or arrhythmias. Preoperative computed tomography scanning of the coronary sinus may aid planning of these cases. 68 TEE also can be useful in guiding the placement of the coronary sinus lead. 69 
Device and Lead Removal
The most common indications for lead removal are infection and dysfunction (eg, because of lead fracture). [70] [71] [72] Other indications are device upgrade or myocardial perforation. Lead removal can be technically difficult and may cause major complications, including cardiac tamponade, vascular avulsion, valvular damage, hemothorax, pneumothorax, and thromboembolism. Leads less than 12 months old usually can be removed by simple traction. 73 Beyond this time, they can become fixed to the myocardium and at other locations such as the right atrium or superior vena cava. This latter group requires more sophisticated extraction techniques.
Laser sheath removal has been available since 2000. A sheath containing a small excimer laser (using ultraviolet light) at its tip is advanced over the lead. The laser is used in short bursts to divide adherent fibrotic tissue, enabling progressive release of the lead and removal within the sheath. In the PLEXES trial, the laser sheath technique was more successful than nonlaser methods (94% v 64%, p ϭ 0.001). 71 Major complications occurred in 1.2% of cases in the laser group (including 1 death) and in none of the nonlaser group. Comparable success rates with laser sheath extraction were shown in a large retrospective series. 74 In a prospective series of 200 patients undergoing the laser technique, the only independent predictor of acute complications appeared to be lead extraction from both the left and right sides during the same procedure. 75 Occasionally, it may be necessary to extract a lead via the femoral vein if it is broken or not accessible via the subclavian vein. This may be performed with a sheath and snare or basket. Femoral extraction appears to be as effective and safe as the laser sheath method but exposes the patient to more fluoroscopy because of longer procedural times. 72 Finally, another extraction technique is incremental mechanical dilatation of the vein combined with traction along the course of the lead via multiple venous approaches. This was found to be highly effective (98.4%) and safe (0.7% major morbidity) in 1 large series. 76 In view of the potential for significant complications in these cases, the North American Society of Pacing and Electrophysiology recommends that immediate support for thoracotomy, pericardiocentesis, and onsite cardiac surgical support be available. 77 Whether or not these procedures are performed in an operating room, the presence of a cardiac surgeon and immediate availability of cardiopulmonary bypass are vital. 78 Large-bore venous access is essential, and lower-limb cannulation should be considered in case of superior vena cava rupture. Cross-matched blood should be readily available.
Device Infection
Cardiac device infections complicate about 1% of cases, and, of these, 40% present after 3 months. Risk factors for infection include renal failure, chronic steroid or anticoagulant use, surgical hematoma formation, and diabetes mellitus. Other risk factors for infection include pacemaker replacement surgery and multiple lead insertions. 79 The American Heart Association has highlighted that staphylococcal infections account for most device infections and emphasized the requirement for routine antibiotic prophylaxis for all device implants. 80 This should be administered intravenously 1 hour before incision if using a first-generation cephalosporin or 90 to 120 minutes before incision if using vancomycin.
EP PROCEDURES
The demand for cardiac EP procedures is increasing, as is the range of procedures performed. Although diagnostic studies may be performed in isolation, they are almost always combined with therapeutic ablations if treatable aberrant conducting pathways are identified. Ablation creates an endocardial scar, which can be produced by RF energy, cryothermy, or high-intensity focused ultrasound. Ablation procedures can be classified by the level of complexity or by the location (eg, supraventricular tracts, AV node, ventricular re-entrant pathways, and pulmonary vein isolation [PVI] procedures).
Noncomplex Catheter Ablations
Noncomplex ablations include procedures for AV nodal reentry tachyarrhythmias, atrial flutter, and tachycardia mediated by accessory pathways, such as Wolff-Parkinson-White (WPW) syndrome. Ablation catheters are deployed under fluoroscopic guidance via large peripheral veins (usually the femoral vein). These procedures commonly are performed under sedation and generally take less than 2 hours to perform.
Complex Catheter Ablations
Complex catheter ablations are performed for AF and for tachyarrhythmias because of ventricular foci, multiple foci, or CHD. Electro-anatomic mapping systems using previously acquired 3D computed tomography scanning or magnetic resonance imaging reconstructions of the heart and thoracic vessels commonly are used to guide these procedures. These systems provide a 3D representation of the cardiac chambers and catheters as well as displaying the cardiac electrical activation timing. 81 Diligent attention to the volume of fluid administered by the cardiology team is important because this may amount to several liters during the procedure; hence, a urinary catheter should be placed. Hypothermia can occur during these long procedures, particularly in elderly patients, so the use of forced air warming devices also is recommended.
These patients should receive heparin to prevent catheter thrombosis and thromboembolic stroke, particularly when transarterial or transeptal catheters are used. Clear delineation of the responsibility for the management of anticoagulation must occur. The target ACT range for these cases is based on the PCI guidelines.
Complex ablations may produce prolonged periods of induced or persisting tachyarrhythmia. Hemodynamic instability is a particular concern in patients with pre-existing ventricular dysfunction or CHD. Hypotension may be tolerated poorly in patients with coronary artery disease, carotid artery stenoses, or chronic hypertension. Acute elevations in PVR (eg, because of hypercapnia, hypoxemia, or acidosis) are tolerated poorly in patients with severe pulmonary hypertension or passive pulmonary circulations. Therefore, external pads should be placed for defibrillation or external pacing.
Reactive pericardial collections occur in up to 33% of patients undergoing extensive left atrial ablations. 82 Therefore, it is important to remain alert to the risk of cardiac tamponade in these patients. TEE is useful for the early detection of this complication, which is more likely if multiple, extensive ablations are performed. The recognition of tamponade may otherwise be delayed if hypotension is attributed to poor underlying ventricular function. Facilities for pericardiocentesis or surgical drainage should be readily available. Ablations near the coronary sinus and coronary arteries may be complicated by acute occlusion of these vessels, especially in patients with aberrant coronary arterial anatomy. This rare complication should be considered if unexplained hemodynamic deterioration occurs.
PVI
PVI is a treatment for AF and involves the creation of an electrically isolated band between the junction of the pulmonary veins and the right atrium. It is performed with RF energy or cryothermy using an epicardial or endocardial approach. In a large retrospective series, the success rate for PVI was 80% overall (after 1.3 procedures) and was higher for paroxysmal AF (83%) than AF of intermediate or chronic duration (72% and 75%, respectively; p Ͻ 0.0001). 83 Major complications occurred in 4.5% of cases, including pericardial tamponade (1.3%), femoral pseudoaneurysm (1.0%), TIA (0.71%), and stroke (0.23%).
The rate of cerebral embolism varied between PVI techniques in a small transcranial Doppler study. 84 The microembolic load was significantly higher with conventional RF ablation catheters than with irrigated RF catheters or cryoablation balloons. However, the recently developed thoracoscopic approach had a much lower incidence of microembolism than any of the endocardial techniques.
Esophageal perforation may complicate RF PVI because of thermal injury to the esophagus, especially after ablation of left-sided pulmonary veins (due to their posterior location). This should be suspected if a pericardial effusion develops within the oblique sinus (between the right atrium and esophagus) or if a pneumopericardium occurs. 85 Esophageal mucosal lesions were reported in 14% of cases in which a robotic navigation system was used. 86 In this study, the risk of injury was greater in patients with a body mass index below 57.8 lb/m 2 although spontaneous recovery occurred within 2 weeks in all patients. Therefore, esophageal temperature probes should be used in these cases and should be positioned behind the LA with fluoroscopic guidance.
Because of their close anatomic relationship, right superior pulmonary vein (RSPV) ablation may be complicated by injury to the right phrenic nerve. 87 Balloon ablation techniques, which produce a circumferential scar at the orifice of the pulmonary vein, may increase the risk of this complication irrespective of the energy source used. This is because inflation of the balloon brings the pulmonary vein closer to the phrenic nerve. 88 Intermittent phrenic nerve stimulation may be performed to monitor for this complication. Deep neuromuscular blockade should be avoided if phrenic nerve monitoring is used.
During PVI procedures, acute increases in heart rate and heart rate variability may occur, especially during ablation at the LA/RSPV junction. Conversely, bradycardia and hypotension may occur because of vagal reflexes. Vagal responses are more common during ablation of left pulmonary veins, especially the inferior pulmonary vein, whereas heart rate acceleration typically occurs while ablating near the RSPV. 89 
INTERVENTIONAL PROCEDURES AND CHD
The number of adult survivors of pediatric congenital heart surgery is increasing. 90 Although the leading cause of death in patients with congenital cyanotic heart disease is arrhythmia followed by heart failure, in noncyanotic patients it is now ischemic heart disease. 91 Right-heart catheter studies frequently are indicated in these patients to define the anatomy of previous corrective procedures, to determine the direction and size of shunts, and to assess the reversibility of pulmonary hypertension. These patients also may present for coronary angiography or EP procedures for the management of arrhythmias.
These patients present a number of anesthetic challenges. Careful preoperative assessment is essential to determine the presence and severity of heart failure and cyanosis. Consultation with the attending cardiologist regarding the procedural aims may aid in anesthetic planning in patients with complex cardiac anatomy. Preoperative evaluation of noncardiac comorbidities is important (such as cervical spine instability in trisomy 21) together with correct timing of antibiotic prophylaxis.
In patients with right-to-left shunts, it is important to avoid increasing PVR and decreasing system vascular resistance (SVR) because this will increase shunt flow and worsen cyanosis. Systemic vasodilatation, hypercarbia, and high ventilating pressures must be avoided. Volatile anesthetics should be titrated carefully and SVR maintained with vasopressors if required. In patients with systemic-to-pulmonary shunts, decreased SVR and increased PVR should be avoided because this will decrease pulmonary blood flow.
Right-to-left shunting also will affect end-tidal CO 2 measurement; the arterial-to-alveolar pCO 2 gradient increases as shunting worsens. 92 The direct measurement of arterial CO 2 will be more accurate than end-tidal CO 2 monitoring in patients who are at risk of elevated PVR because of hypercarbia.
Acute elevations in PVR caused by high positive airway pressures may be tolerated poorly in patients with passive venoatrial pulmonary circulations. 93 In these patients, the driving pressure gradient providing pulmonary blood flow is the central venous pressure (rather than mean pulmonary artery pressure) minus left atrial pressure. If positive-pressure ventilation is used, the inspiratory time and pressure should be titrated to the lowest level that will maintain normocarbia at the lowest mean airway pressures. 94 Spontaneous ventilation, with inspiratory pressure support if required, may be used as an alternative to positive-pressure ventilation to minimize ventilating pressure, provided that normocarbia is strictly maintained.
The venous anatomy should be considered when placing central catheters. In a Fontan circulation, caution should be exercised when administering drugs that may be thrombogenic, such as calcium, because the SVC is connected directly to the pulmonary artery. Arterial pressure monitoring in the presence of arterial shunts (such as the Blalock-Taussig shunts or variants) should be performed on the contralateral side to avoid under-reading systemic pressures. Venous access can be difficult in these patients because they have often had multiple, prolonged hospitalizations. Finally, thromboprophylaxis should be considered in patients with high hematocrits because of cyanotic heart disease.
ANESTHETIC ISSUES Sedation in Contrast to General Anesthesia
Most cardiac catheter procedures can be performed under sedation although general anesthesia may be preferable for longer cases or in patients with major comorbidities. In a study from the Mayo Clinic of 208 patients undergoing a variety of EP ablations, sedation was planned in 90% of cases. However, some form of airway device was required in 40% of patients, and the rate of conversion to general anesthesia was 10%. 95 For atrial ablation procedures, minimizing patient movement and respiratory motion (which can be significant with a partially obstructed airway in sedated patients) is especially important when 3D guidance systems are used. 96 Although carefully titrated sedation can be used for these procedures, general anesthesia with endotracheal intubation may be preferable because of their long duration, patient comorbidities, or the use of TEE. In a recent prospective, randomized trial of general anesthesia with endotracheal intubation versus sedation for patients undergoing PVI, the general anesthesia group had a higher procedural success rate (88% v 69%, p Ͻ 0.001) and shorter total duration and fluoroscopy times. 97 The authors suggested that these differences might be caused by better control of movement and respiration in the general anesthesia group.
General anesthesia with spontaneous ventilation via a laryngeal mask airway also can provide excellent procedural conditions. When intermittent respiratory pauses are required to reduce movement of the heart, a low dose of muscle relaxant (such as cisatracurium) and gentle controlled ventilation may be used.
Choice of Anesthetic
The ideal anesthetic for EP procedures would not affect intrinsic pacemaker function, impulse propagation, refractoriness, or autonomic tone although most anesthetic agents have some effect on cardiac conduction. 98 Despite anecdotal preferences and published opinion, there are little data on the effects of anesthetic agents on cardiac conducting pathways relevant to EP procedures.
Volatile Anesthetics
In dogs, halothane (but not sevoflurane or isoflurane) at 1 to 2 minimum alveolar concentration prolongs AV conduction parameters. 99 Volatile anesthetics, including sevoflurane, have been shown to prolong QT intervals, 100 and in vitro data show that volatile anesthetics increase the action potential duration in cloned human cells. 101 However, the clinical significance of these findings is unknown. In 15 adults undergoing WPW ablation, sevoflurane did not affect SA and AV nodal function or accessory pathway conduction. 102 However, there is a case report of a patient who had an increase in accessory pathway refractory period during general anesthesia with sevoflurane but not with propofol. 103 Although the clinical significance of these findings is uncertain, it may be prudent to avoid volatile anesthetics in patients with prolonged QT intervals who are undergoing EP procedures.
Intravenous Anesthetics
QTc may be increased by barbiturates and decreased by propofol; however, neither agent increases QTc dispersion (which could theoretically increase susceptibility to ventricular arrhythmias). 104 In a small series of adult WPW patients, propofol had no clinically significant effect on SA node function or on AV or accessory pathway conduction. 105 Opioids may attenuate increases in heart rate by increasing parasympathetic tone. They do not affect the QT interval. In pigs, remifentanil depresses SA node function and AV conduction parameters, which may explain the bradycardia it produces in humans. 106 Remifentanil does not affect intra-atrial, AV conduction or QT intervals.
In the absence of clinical evidence regarding the choice of anesthetic, the authors' preference is the use of a targetcontrolled propofol infusion, combined with an opioid, such as low-dose alfentanil. Deeper sedation should be provided for periods of RF ablation (which can cause pericardial pain), cardioversions, and the insertion of catheters.
Prolonged, high-dose infusions of propofol can be complicated by propofol infusion syndrome (PRIS). 107 This can present with 1 or more of the following: metabolic acidosis, cardiac failure, Brugada-like electrocardiogram changes (right bundlebranch pattern and ST-segment elevation in right precordial leads), ventricular tachycardia or fibrillation, rhabdomyolysis, and renal failure. The pathophysiology of PRIS is poorly understood but may be related to the inhibition of free fatty acid oxidation and the mitochondrial electron transport chain. Although severe PRIS is uncommon, occurring in approximately 1% of high-risk patients, 108 it is possible that an early subclinical form of PRIS may cause metabolic acidosis alone. This was shown in a retrospective, cohort analysis of AF ablation cases. 109 The average duration of propofol infusion was 7 hours, and cumulative dosages were 20 mg/kg. Metabolic acidosis (defined as a base excess ՅϪ2) occurred in 24% of patients, which was higher than a matched cohort of patients undergoing carotid endarterectomy under general anesthesia without propofol. However, this finding was not replicated in a retrospective study of patients undergoing prolonged spinal surgery. 110 Further trials are needed on the anesthetic implications of PRIS.
Dexmedetomidine Sedation
Dexmedetomidine is a potentially attractive alternative or adjunct to conventional combinations of fentanyl and midazolam. 111 In a recent prospective trial of 326 patients undergoing a variety of surgical procedures, dexmedetomidine (0.5 g/kg, 1.0 g/kg, or placebo loading dose followed by an infusion) caused less respiratory depression (3.7% and 2.3% v 12.7%, respectively; p ϭ 0.018). 112 It also significantly reduced the requirement for supplemental midazolam and fentanyl and improved patient satisfaction scores.
The most frequent side effect of dexmedetomidine was hypotension, defined as a 30% or greater decline from baseline, which was significantly increased in the 0.5 g/kg group compared with placebo (11.9% v 3.2%, p ϭ 0.046). Bradycardia requiring treatment, defined as a 30% or greater decline from baseline, occurred in 0.7% and 4.7% of the treatment groups compared with none in the placebo arm although this did not reach statistical significance (p Ͼ 0.08).
In children, dexmedetomidine inhibits SA and AV node function as well as increasing the PR interval and Wenckebache cycle length. 113 Dexmedetomidine has not been studied in adult EP cases; however, theoretically, it may inhibit the induction of tachyarrhythmias during EP procedures because of the inhibition of cardiac conduction via centrally mediated reductions in circulating catecholamines and cardiac ␣-2A-adrenergic receptor activation. 113 Dexmedetomidine sedation can be guided using the Observer Assessment of Alertness Scale or by quantitative electroencephalographic parameters (such as bispectral index or state entropy 114, 115 ). Dexmedetomidine produces lower bispectral index scores for a given Observer Assessment of Alertness Scale score than propofol. 114 
Inotropes
Isoproterenol often is used during EP procedure to simulate sympathetically mediated activation of tachyarrythmias during mapping and pathway ablations. Isoproterenol may increase anesthetic requirements. This possibly is mediated via a central pharmacodynamic effect or via hemodynamically mediated effects on the pharmacokinetics of propofol. 116 Potentially this could lead to awareness or movement; hence, titration of anesthesia with BIS or entropy guidance may be helpful.
Paradoxically, isoproterenol can cause bradycardia in a minority of patients (7%). This effect has been postulated to be secondary to increased vagal tone from beta-adrenergic stimulation. 117 Similarly, atropine-responsive bradycardia also has been observed during dobutamine stress testing. Patients with impaired LV function, coronary artery disease, or adult CHD may tolerate diastolic hypotension poorly because of reduced coronary blood flow. The use of phenylephrine or metaraminol before the induction of tachyarrhythmias may attenuate the subsequent fall in cardiac output and arterial pressure.
Ionizing Radiation Exposure
Ionizing radiation in the cardiac catheter and EP laboratories is a hazard to both patients and staff. Cancer and genetic injury are unpredictable side effects of ionizing radiation because there is no known safe lower limit of exposure. 118 In contrast, nonmutagenic radiation injury only occurs above a threshold level, above which it becomes dose dependent. This includes somatic effects, such as cataracts, erythema, and desquamation.
There are case reports of patients suffering radiation burns from prolonged procedures, especially when close to the x-ray source. 119 The reported incidence of cutaneous radiation injury of Ͻ0.01% may be an underestimate because it frequently is unrecognized or misdiagnosed. 120 The traditional unit of radiation dose absorbed by any material is the radiation-absorbed dose (rad ϭ gray [Gy] in SIderived units). 118 The SI-derived unit of radiation, the sievert (Sv), quantifies the biologic effect of ionizing radiation. Sv dose limits are expressed as the equivalent dose (for the dose absorbed in a particular tissue or organ) and the effective dose (for the total weighted sum of an equivalent dose across the entire body). Normal annual background radiation exposure is about 0.5 mSv/y. The occupational limits are based on the International Commission on Radiological Protection guidelines. 121 In the European Union, this is an effective dose limit of 20 mSv/y (averaged over 5 years), with an annual maximum limit of 50 mSv. In the United States, the annual occupational limit is 50 mSv, and the lifetime limit is 10 mSv multiplied by age in years. 122 Most cardiac catheter studies report dose exposure well below these limits, in the range of 2 to 4 mSv/y. 122 In a study of occupational exposure in anesthesia personnel, mean radiation exposure doubled after commencing work in an EP Laboratory but still remained well below the annualized recommended dose limits. 123 The maximum dose recorded in this study was an annualized dose of 3.6 mSv, but most staff received doses below 1.6 mSv/y.
There are 3 principles that should be applied to protect staff from radiation: maximize distance from the radiation source, limit the exposure time, and use adequate radiation protection. First, the intensity of radiation is proportional to the square root of distance, hence doubling the distance from the source will reduce the exposure by a factor of 4. The establishment of a remote anesthetic monitor in the control room will limit radiation exposure to anesthesia staff by increasing the distance from the source. Second, limiting exposure time for all staff is important. Although the duration of imaging is under the control of the proceduralist, asking the proceduralist to cease imaging when physical attendance to the patient is required will help limit occupational exposure. Third, protective radiation barriers must be used. Lead aprons and thyroid shields must be worn in the laboratory; however, they do not provide total body coverage, and they do not provide complete protection from radiation scatter. Because staff should never be in the direct line of the x-ray beam, most exposure to radiation occurs because of scatter. Most of the scattered radiation comes from the surface of the patient nearest the x-ray source. To minimize this exposure, it is advisable to remain on the receiver side of the x-ray arm. This means that when horizontal views are used, staff should, if possible, remain on the image intensifier side of the arm (Fig 7) . When vertical planes are used, the x-ray source should be below the patient so that most scattered radiation will be reflected onto the floor. 121 Mobile shields on rollers provide excellent radiation protection and should be available in these locations.
The current recommended annual equivalent dose limit for eyes is 150 mSv/y. 122 Protective lead eyewear routinely is recommended for interventional radiologists and cardiologists but is not yet recommended for anesthesia staff. This is despite significant ocular radiation exposure in anesthesiologists during neurointerventional procedures. 124 Given that anesthesiologists who regularly work in cardiac catheter laboratories might be exposed to similar levels of radiation, the use of protective eyewear would be prudent.
The guiding principle for radiation exposure is the ALARA principle (ie, As Low As Reasonably Achievable). Minimizing exposure time, maximizing distance from the x-ray source and scatter, the use of shields, the monitoring of personal exposure through dosimeter use, and education and training should guide anesthesia practice in these procedural areas. 122 The International Atomic Energy Agency provides online information and training material on radiation protection for medical personnel (available at https://rpop.iaea.org/RPOP).
Remote Locations
Cardiology catheter laboratories typically are remote from general operating room complexes, so it is important to anticipate potential complications and be aware of available resources. For example, TAVI cases may be complicated by major, unexpected bleeding, but blood gas analysis or blood storage may not be readily available. If there is no hybrid operating room available for these cases, the practicalities of urgently transferring these patients to an operating room if cardiac surgery is required also need to be considered.
CONCLUSIONS
As the scope and complexity of interventional cardiology procedures continue to advance, anesthesiologists are assuming an increasingly important role in the multidisciplinary management of these cases. A comprehensive understanding of these procedures is essential to provide a high level of anesthetic care and maintain patient safety.
